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??MCM (minichromosome maintenance) ??????????????????
????????MCM????????????????????????????
???pre-initiation complex: pre-IC?????????? pre-IC????????
??????????????cyclin-dependent kinase: CDK?? Cdc7??????
??????????????pre-IC ?? MCM ????????????????
? DNA??????????? DNA?????????????????????
???????????????????? DNA?????DNA polymerase???
????? DNA ?????????????????????? DNA polymerase
???????????????????????????????????? ??
DNA polymerase D ?????????????? RNA??????????????




???? ????? DNA???? 
? DNA ???????????????????????????????????
???????????????????????????????????????
?? DNA ????????DNA ???????????????????????
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??????????? DNA ?????????? DNA ????? (DNA double 
strand breaks : DSB) ????????????????????????????
?? DNA??????????????????????? DNA????????
?????????? 
? DSBs ????????????? DNA ??????????????????
????????????? (Chu, 1997; Kanaar et al., 1998)???????????
??????  (Homologous Recommbination : HR) ???? DNA ???? 
(Non-Homologous End Joining) ??????????????????? S/G2??
?????????????????????? (Critchlow and Jackson, 1998; 
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A. ??????? (HR) 
HR ? DSB ???? DNA ?????????????????????????
??????????????????????DSB ??????DSB ?????
DNA????????? DNA?????????? Rad51 recombinase ? Rad52








B. ??????? (NHEJ) 
NHEJ ?? DNA ????? Ku70/80 ?????????????????
DNA-PKcs??????? DNA-PK?????????DNA-PKcs????????
??????NHEJ????? Artemis? XRCC4 (X-ray repair cross complementing 
gene 4) ?????? NHEJ ?????????????????????????
?????????? (Lee et al., 2000; Ma et al., 2005)???? Artemis??? DNA
?????????DNA polymerase??? DNA???XRCC4/Ligase??????
??????NHEJ????? (Ahnesorg et al., 2006)? 
 















??????p53???????? CKI (cyclin dependent kinase inhibitor) ???
p21????????CDK2?????????????? S???????????
? G1?????????????????????? 




????????????????????????? (Fig. 1-2)(Villunger et al., 
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? 5?? ???? B ??????? DT40 ????????? 











?????????????????? 100 ??????????? 
? ??????????????????????????????????????
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?????? B ???????????????????????????????
???????????????????????DT40 ?????????
(Buerstedde et al., 1990)? ?????????? DT40 ????????????
???????????????????????????????????????
????????????????????????????????? 








B,? ???? DT40 ????????????? 
? DT40 ????????????????????? 
???????? 7 ??????????? (Neomycin, Puromycin, Histidinol, 





? 39?????????? 7.5 ??)?????????????????? 
???????????????????????????????????????
??? (1) ?????????????????(2) ??????????????
??(3) ??????????? (DT40 ??? 34~43?????????????






DNA-PK (Ku70/80, DNA-PKcs) ? FACT (Spt16, SSRP1)?RECQL4??????
?????????????????????? 70%?????????? 
 
? 6?? ?????? 
? DNA ???????????????????????? (???)???????
????DNA???????????????????? 3????????DNA-PK 
(???)?FACT (???)?RECQL4 (???) ??????????? DT40????
???????????????????????????????????DNA-PK
?????????FACT ??????????????????????????
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????? DNA-PK ???? DNA ????????????????????
DNA-PK????????????????????????????? DNA-PK?
DNA ????????? DNA ????????????????????????
?????? 
DNA-PK???? Ku70/80?DNA-PKcs??????????????DSB???
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???? DNA???????????????? (Fukushima et al., 2001)? ???
DNA-PKcs ? p53??????????????????????????????
???????????????????? (Jimenez et al., 1999; Woo et al., 2002; 









(Smider et al., 1994; Taccioli et al., 1994)? 
Ku?NHEJ?????????????????????????????Bax??
???????????? Bcl-2 family ???????????Bax ???????
??????????????????????????? (Sawada et al., 2003a; 
Sawada et al., 2003b)?????????Ku? NHEJ????????? DNA-PKcs
????????? 
 
? 2?? NHEJ ??????????????????? 
? ???????????? DNA???????? II??????????? DNA
????? (DSB) ??????DT40 ????? Ku70-/-??DNA-PKcs-/-/-??
Ku70-/-/DNA-PKcs-/-/-???100 nM?????????? 1~2??????????
??????MTT??????????? (Fig. 2-1A)????????? 3???
???????????????????????????????????????



















?????????????? (~100 nM) ???????? NHEJ??????
???????????????????????DSB????????? (data not 
shown)?????????????????????????????? DSB???
???????? Ku70-/-??DNA-PKcs-/-/-??Ku70-/-/DNA-PKcs-/-/-??? DSB ??






DSB (comet tail ; Fig. 2-2) ?????????????????????????
???????????????????????????????????????
????????????????? DNA ladder?DNA????????????















????????? (Fig. 2-4A)???J-H2AX ?????????????????
???????????????????????????????????????
???????DT40 ??????????????????????? Ku70 ??
DNA-PKcs???????????????? 
DNA-PKcs ?????????????????????????LaminB1 ?
J-H2AX ???? DNA-PKcs ? Ku70 ?????????????????????
????? (Fig. 2-4B)???? DNA-PKcs???? PI3-kinase domain??????
?????????????????????????ATM???????????
?????????J-H2AX ??????????????? 10 ?????????
??? DSB??????????????????????????? ATM-/-???
??? LaminB1 ??? DNA-PKcs ????????????????????? 







?? DNA-PKcs ????????????? (??????????????? 
DNA-PKcs ?????????) ?????DNA ??????? NHEJ ?????
???????????????????????????????????????




? Ku70 ? DNA-PKcs ????????????????????????????
???Ku70 ? DNA-PKcs ?????????????? Ku80 ?????????
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???????????????? DT40?????? Ku80???????????
?????????? Ku80-/-??????RT-PCR ?????????? Ku80 ?
mRNA???????? (Fig. 2-5A)?Ku80-/-??? Ku70????????????
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???????????????????????? wortmannin (Rosenzweig et al., 





???????????? (PI-3 kinase????? 100 nM???DNA-PKcs???
?? 1 PM??????????)?wortmannin? 50 PM?NU7026? 75 PM??
???? LaminB1???????? (Fig. 2-9A)?NU7026???? DNA-PKcs-/-/-?
?????????J-H2AX ???????????wortmannin ????????
J-H2AX ????????????  (Fig. 2-9B)?????NU7026 ?????









? 6?? ???????????????? 
? ??????????????????????????????????????
 - 22 - 
? DNA-PKcs ??? DNA ??????????????????????????
?????????? (CPT) ? H2O2?????DNA ???????? I ????




? ????? CPT ??? LaminB1 ???????????Ku70-/-??DNA-PKcs-/-/-
???????? (Fig. 2-10A)?MTT?????????????????????
??????????? (Fig. 2-10B)???????H2O2??????J-H2AX??
????????LaminB1 ?????????????????????? (Fig. 
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DSB???????????????? 3?? 3 ???????????? DNA?
??????????????DT40???????Artemis? LigaseIV?????
??????????????????????? (Adachi et al., 2001; Ishiai et al., 
2004)????XLF? XRCC4??????????????????????? XLF
? XRCC4 ?????????????????????? RT-PCR ???????
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?????????????????????????????????????
Artemis-/-???? DNA-PK??????????LigaseIV?XRCC4?XLF????






? Artemis ? DNA-PKcs ?????????????????????????? 
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????? (6A)????????????????? (D37A) ?????????
Artemis-/-????????????????????? hArtemis ????????
?????????? LaminB1????????????????????????
???????????????  (Fig. 2-14)??????? DNA-PKcs ???












? HR (? 1??? 3?) ???? Rad51????????????????????
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???????? (Bezzubova et al., 1997; Kobayashi et al., 2004; Morrison et al., 
2000; Sale et al., 2001; Yamaguchi-Iwai et al., 1998)??????LaminB1????
MTT ????????????????????????????????????
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? 9?? ????????? DNA-PK??????????????? 
? ?????????????? DNA-PKcs ?????????????????? 




????????? Ku70?? DNA-PKcs??? western blotting????????
???????????????????????????????????????
??? (Fig. 2-16A)??????????????????? 5 PM????????
?????????????? (data not shown)??? DNA-PKcs????????
?????? Ku70-/-???????? (Fig. 2-16B)?NHEJ???????????
?????????????????? DNA-PKcs? Ku????????????
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???????????NHEJ?????????? Artemis? LigaseIV?????
???????????? Ku70? DNA-PKcs?????????????????
???????????? (Fig. 2-16C)?DNA-PK ????????? Artemis ? 
Ligase IV???????????????????DNA-PKcs??????????
????????????????????????????????DNA-PKcs ? 
Ku70 ????????? DNA-PKcs ????????????????????
DNA-PK????????NU7026??????????????????????
? (Fig. 2-16D)???????DNA-PKcs?Ku70 ??????????????
DNA-PKcs ?????????????????????????????????
??????????????????????? Artemis (???) ??????? 
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? 10?? ?? 
???? NHEJ ??????????????????????? DNA ????
?????????????? DNA-PK ?????? Artemis ?????????
??????DNA-PK?????????? Ku70-/-???? DNA-PKcs-/-/-?????
??????  (Fukushima et al., 2001; Takata et al., 1998)?????  DNA 
topisomerase II ????????????????? (Fig. 2-1)?????????























????? DNA??????????????? Ku70 ?????????????
??????????????????????Ku70??????????????
????????????Ku70 ?????????????? bcl-2 family ???
Bax?????????????????????????????????????






? DNA-PKcs? PI3-kinase domain????PI3-kinase?????????????
?????????????????????? (Collis et al., 2005)???????
DNA-PKcs???? wortmannin?NU7026????DNA-PKcs?????????
????????????????????  (??? )??????????? 
Artemis ?????? (???)????Artemis ????????????????
??? DNA????????????????? (Britton et al., 2009)??????
??????????? Artemis ???????????????????????
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???????Artemis??? SNM??????????????????????
??Artemis/SNM1C??? SNM1A?Apollo/SNM1B?? 3???????????
?????????????????? (Ishiai et al., 2004)???? SNM1A ?
SNM1B/Apollo????? SNM????????????????????????
??????????????????SNM1A?????SNM1B/apollo? Artemis
??????????????????  (?????? )????????
SNM1A/SNM1B/SNM1C???????????????????????????
??????????? DNA-PKcs ??????????????????????
?????? (??????)??????? SNM family ?????????
DNA-PKcs???????????????????????????? SNM family
??????????????????????????????DNA?PKcs???
????????????????????? 20?????? (Collis et al., 2005)?
????DNA-PK ???????????SNM family ?????????????
??????????DNA-PK ????????????????????????
???????????? DNA-PK??????????????????????









???????????? (Fig. 2-16)?Ku70 ?????????????????
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??????? DNA-PKcs ???????? DNA ??????????????
???????????????????DNA-PK ???????????????
????????????????????????????????? NU7026 ?
?? DNA-PKcs? kinase??????? 
? NU7026? PI3-kinase???????????????????????????
????????? LY294002 ?????????????? PI3?kinase ????
????????DNA-PK???????????????????????????
???????????????????? IC50?????????????????
???????????????????????????? (Zhao et al., 2006)??
? DNA-PKcs???????? DNA-PKcs????? Ku80 ? C????????
?????????????????????????(Kim et al., 2002)??????
DNA-PKcs ?????????????????????????????????
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? 3?? ????????? FACT? DNA??????????? 
 
? 1?? ?????????? DNA?? 
? ????? DNA??????????????????????????????
?? H2A-H2B ??????????? (H3-H4)2 ???????????????
? 146??????? DNA??????????? (Fig. 3-1)??????????








???? (Eitoku et al., 2008)?????????????????????????
???????? (??? Protein phosphatase) ????????????????




et al., 2008)? 
? FACT (facilitates chromatin transcription) ??????????????????
??? Spt16 ? Pob3?Nhp6 ???? 3 ?????????????? Spt16 ??
Pob3 ? Nhp6 ????????????? SSRP1 (structure specific recognition 





(Belotserkovskaya et al., 2003)?FACT?????????????????????
?????????? DNA ?????????????????? (Eitoku et al., 
2008)????????????????????????????????????
?? DNA???? in vitro????????FACT? RNA polymerase II ????
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??????????????? (Belotserkovskaya et al., 2003; Orphanides et al., 
1998)????FACT ?????????????????????????????
???????????????? (Li et al., 2007)???????????????
??? FACT?????????????????????????DNA?????
?????????? FACT ?????????????????????????
??Xenopus ??????????????? FACT ??????????????
????? (Okuhara et al., 1999)??????? PolD? MCM?RPA (replication 
protein A) ??????????????????? (Tan et al., 2006; VanDemark 







????????? FACT ???????????????????????? 
(Okuhara et al., 1999)????????? FACT?? DNA????????????
???FACT?????????????????????????????????
????????? 
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? 2?? SSRP1????????? 
? SSRP1??????????????????????????SSRP1?????
???????????????Tet-off system?????????????????
??????????????????? Chicken SSRP1 ? cDNA???????
??FLAG ??????Tet-off system ????????????????????
tet-repressor???????????????????Dox (doxycycline; ?????
????????) ????? FLAG-SSRP1??????????????????









?????????? 48 hr? SSRP1 mRNA?? SSRP1????????????
??? (Fig. 3-4A-B)? 
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? 3?? FACT??????????????? 
SSRP1??????????S????????? 










??? (Fig. 3-6)? 
 
?? SSRP1???????? DNA?????????????????????
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??????????????Dox?? 48????S??????????????
?? S ??????SubG1 ????????????????? (Fig. 3-7)????
????????????????????? M ????????????????
?????????????????? 7-8 ??????? M ????????Dox
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? ????? DNA ????????? (S ????) ??????????????
????????????????? BrdU (??????) ???????? BrdU
??? PI (Propidium Iodide) (DNA????) ?????????????????
?????Dox??? 2???? BrdU????????????? (S????) ?
????????????????????????? (Fig. 3-9A)??? BrdU??
??????????????BrdU?????????????Dox?????? 1





????DNA fiber assay????????????????????? CldU? IdU
????????????????????? DNA??????? CldU? IdU??
??????????????????????DNA ??????????????
??????????? CldU ? IdU ?????????????????????
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DNA???????????????? (Fig. 3-10)? 
 
 
SSRP1????? Dox???????? DNA fiber???????????????
??????????????? Dox ???????????? 1/4 ???????
? (Fig. 3-11)???????????????????????? DNA??????
????????????? Claspin?????? (???? 2009)?Claspin?DNA
??????????????????????????? DNA?????????













? SSRP1????? DNA??????? 1/4??????????????????
???????????????????SSRP1 ????????????????
????????FACS ???? SSRP ????????????????????
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???????? 1?????????????????? DNA fiber assay????
??????????????????? 
? ??? SSRP1????? DNA???????????????????????
????????????????????????????????????
molecular combing assay???????????????????????????
??????? DNA?????? DNA fiber assay?????DNA????????
??? DNA ?????????????? DNA ???????????????
Perista Pump???????????300 Pm/s???????????????DNA
???????????????????????????????? Fig. 3-13A ?
???????????????????????????????????????




? 4?? FACT??????????????????????? 
? ??? FACT ???????????????????????????????





????????????????????) ??FACT? DNA polymerase D???
?????????????????DNA polymerase??????????????
??????????????FACT????????????MCM???????
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? BrdU?????????????????????MNase (MNase??????




???? (Takami et al., 2007)???? CAF-1???? BrdU??????? DNA
?????????????????????????DT40??p150 (CAF-1?p150?
p60?p48 ? 3 ??????) ??? SSRP1 ??????????????????
??????????????????????? Dox????????? (EtBr?
???????) ????????????????????? (Fig. 3-15A)????
???p150 ????? Dox ????????????????????? (DNA 
ladder ?????) ??????????SSRP1????????????????
???????? (Fig. 3-15B)??????FACT????????????????
????? CAF-1 ??????????????????? 
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? ???p150 ????????????????????????????????
??????? DNA fiber ???????????p150????? Dox?????
??????????????????????????? (Fig. 3-16)??????
??????????????????????? FACT ????????????? 
 
 
? DNA polymerase D???? 
? ?? FACT ? DNA polymerase ????????????????SSRP1 ???
????????????? DNA polymerase D ?????????????????
DNA polymerase D???????????? SSRP1 ?????????? (Fig. 
3-17A)??????? nocodazol?M??????????? 2-3????????
??????? DNA polymerase D?????????? SSRP1?????????
??????????????  (Fig. 3-17B-C)??????? FACT ??DNA 
polymerase D?????????????????????????DNA polymerase 
D?????????????????????????????????? FACT?
DNA polymerase D?????????????????????????? DNA 
polymerase D?????????????????????? 




? MCM? DNA polymerase??????? 
? ?? SSRP1???????MCM?????????????? DNA polymerase
???????????????????????????????????????
??????????????????MCM? DNA???????????? DNA 
polymerase ??? DNA ???????????????????????????




??????????RPA?????RPA????????? (Binz et al., 2004) (Fig. 




????????????????? aphidicolin ???????? RPA ?????
??????????????????????????aphidicolin ???????
SSRP1 ???????? RPA ???
?????????????  (Fig. 
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?  MCM????????????????????????? 
? ?? FACT ? MCM ????????????????????????????





?????? (Fig. 3-17B)???????FACT ? MCM ????????????
???????????????? 
? ?????????????????MCM ? DNA ???????????? 
aphidicolin????????? MCM ? DNA polymerase???????????
???RPA ????????????? MCM ? DNA ?????????????
??? aphidicolin?????? ssDNA????????????? RPA?????
??????????????? SSRP1???? aphidicolin????? RPA???
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??????????????????? SSRP1?????? Pob3? Nhp6???
???????????????Pob3 ?????????????????Nhp6 ?
?????????? (Brewster et al., 2001; Wittmeyer et al., 1999)???????
???? Pob3?Nhp6?????????????????????? SSRP1??
??????????Pob3 ??????????????????????????
????????????????????????FACT ? Spt16 ?????
H2A/H2B?????SSRP1?????H3/H4?????????????????
?????????????? H3/H4 ?????????????????????
?????????? Pob3 ???????????????????? (1-439) ?
???? (Fig. 3-20)????????? SSRP1?????????????????
???? SSRP1??????????? SSRP1???????????? 
? Pob3 ????????????????????Nhp6 ???????????? 
(Fig. 3-21A-B)??????????????????????? Pob3 ??????
???????????????????????????????????????
??????????????????? DNA??????? DNA fiber assay??
?????????????? DNA??????????????????????
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?? SSRP1 1-439 ??????????????????????????? (Fig. 
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?????? FACT??????????????????  
 
 





???????? DT40 ???????SSRP1 ??????????????FACT
? DNA?????? DNA???????????????????????????
?????????????????????????? (Fig.3-24)? 
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? ?????? DNA ??????????????????DNA ????????
???????????????????????????????????????





? ??????????????SSRP1? Nhp6 ????????????????
DNA???????????????????Nhp6??? DNA binding ????
???HMG domain???????yeast?? FACT (Spt16+Pob3) ????? DNA
???????????????????????????Nhp6?????????
????????????????????? Spt phenotype (????????) ?
? Spt16? Pob3?????????????????? (Brewster et al., 2001)??







???????????????? Spt16 ????????????FACT ????
? ? ?? ?? ?? ?? ?? ?? ?? ?? ? ?? ?? ?? ?? ?? ? 




??????????????????2008??HU (hydroxyl urea) ? aphidicolin
????????? DNA???????????????????????????
?????????Nature?????????? (Courbet et al., 2008)??????
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? 4 ?? ???????????????????? (RECQL4) ??? 
 
? 1?? ?????????????? RecQ ?????????? 
? ??????????????????????????????????????
????????? 300 ????????????? ??????????? RecQ
??????????????????? RECQL4 ???????? (Kitao et al., 
1999)?RECQL4? 1208??????????? 133 kDa????????????
?????????????RecQ ???????????????????? RQC 
(RecQ family C-terminal) ?????HRDC (Helicase RNaseD C-terminal) ????
????? (Fig. 4-1)? 
 
 
? ????? RECQL4 ? exon5-8 ???????????????exon9-13 ???
????????????exon13??????????????? 3???????
?? ????? exon5-8???????????????? (Ichikawa et al., 1998)?
Exon13 ???????????? (95%) ???????????????????
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????????????????????????????????????? 
(Hoki et al., 2003)?Exon9-13????????????????????? (84%)?




????????????????????? DNA ????????RECQL4 ??
?????? DNA ????????????????? (Matsuno et al., 2006; 
Sangrithi et al., 2005)?????????????????????RECQL4? DNA
????????????????????  (Wu et al., 2008)???????
RECQL4? N????? 20%????????????? Sld2?????????







???????????????? DNA ???????????? RECQL4 ? 
DNA???????????????????????? HR??????????
? Rad51?????????????????????????RECQL4?????
???? (Petkovic et al., 2005)??? RECQL4 ? poly (ADP-ribose) polymerase-1 
(PARP-1) ?????????????????????????????? (Woo et 
al., 2006)???? RECQL4 ?????????????? XPA?????????
? DNA???????????????????????????????????
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???????? (Fan and Luo, 2008)?????????????????????
siRNA?? RECQL4?????????????????????????????
? DNA????????????????????RECQL4? DNA???????
???????????????????? (Cabral et al., 2008)? 




???? RECQL4? DNA???????????????????? 
 
? 2?? RECQL4????????? 
? RECQL4 ???????????RECQL4 ??????????????? (??
?) ?????Tet-off system ????????????????????????
Chicken RECQL4 (cRECQL4) ??????????? cDNA??????????
???????????????????????????????????????
???RECQL4????human RECQL4 (hRECQL4) ? cDNA?????????
???Human? chicken? RECQL4?????????????????????












???????? RECQL4???????????? PCR?????????? 






????????????  (Fig. 4-3A)??????? Dox ???????
FLAG-hRECQL4????????????? 24 ????? hRECQL4 mRNA??
FLAG-hRECQL4???????????????? (Fig. 4-3B-C)? 
 
? 3?? RECQL4????????? 
? ???? RECQL4???????????????Dox?? 2?????????
?????????RECQL4 ??????????????????? (Fig. 4-4)? 
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Dox???? 3???? BrdU????????????? (Fig. 4-5B)??????
????????????????DNA ????????????????????
?????????????????hRECQL4? DNA?????????hRECQL4
????????????? Dox ?? 2 ????S ???????????????
??????????????Dox ??? 3 ???????? BrdU???????
?? RECQL4????????????????????????????????
?????????? 
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? ??DNA fiber assay??????????CldU? IdU??????????DNA
????????????????????? (Fig. 4-6) (? 3??? 3????) ?
?????Dox ?????? fiber ??????????????????????
DNA??????? RECQL4????????????????? DNA?????
??? RECQL4 ?????????????????DNA ???????????
????????MCM??????????????????????????Dox
????2 ???? Mcm4 ?????????????????????????? 
(Fig. 4-7)??????? RECQL4??????? DNA?????????????
????????????????????????? 





? 4?? RECQL4 ??????? 
? RECQL4???? RecQ family???????????????????????
DNA ??????????? DNA ???????????? RECQL4 ?????
????????????????N??????? Sld2????????????
??? (Fig. 4-8)?Sld2????????????????????????????
??RECQL4 ? N ?????? Sld2 ?????????????????????
??? (Matsuno et al., 2006)????????????N???? (1-496) ????
?????????????RECQL4-/-/- +hRECQL4???? N?????????
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??????????? RECQL4???? Dox???????????????N?
???? RECQL4??????????????? (Fig. 4-9A-B)?????????
RECQL4 ????????? Mcm4 ??????????????????? (Fig. 
4-9C)??????????????? ATP????????????????? dead










? ? N ? RECQL4 











 - 64 - 
 
 
? 5?? DNA?????? RECQL4?????? 
? ?? DNA?????? RECQL4??????????????????????
??? DNA????????????????????????????RECQL4 ?
N ???????????????????? RECQL4 ??????????
RECQL4-N?????? (Fig. 4-13)??????????????????????
????? hRECQL4???????????????? Dox??????????
????????????? Tet-off system???????????? hRECQL4?
??????????????????????????? 











?  (Fig. 4-14B) ?
RECQL4-N ??? RECQL4 ?????????????????????????
?? RECQL4????????????? DNA????????????? 
???? DNA??????????????????????? DNA?????
????????????????????? RECQL4????? DNA?????
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????????????RECQL4-N ??????????? DNA ???????
????????????????????? (DSB)???????? (DSB)?MMC 
(DNA???)??????? (DNA???)?4-NQO (????)?MMS (?????
??)?H2O2  (????????DSB)?HU (DNA ????) ????????
RECQL4-N???????MMC????????MMS??????????? (Fig. 
4-15)??????? RECQL4? DSB? DNA?????????????????
????????? 
? RECQL4-N????????MMC?????????????????????
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? RECQL4 ? DSB????? HR??????Rad51 ?????????????
????????????????????????????HR? RECQL4???
????DT40???????????????HR??????????????? 




????????  (Fig. 4-17B, 
19)??????????????








? 6?? ?? 
? ?????? RECQL4???????????????????????????
?????????????????????? 497-1208????????????
? Sld2???????????????? N??? (1-496) ???????? 






????????? Sld2???????????????? N??? (1-496) ??
?????????Xenopus??????? RECQL4???????? DNA???
??????????? Sld2 ???? DNA????????????DT40 ???
? RECQL4????????? DNA?????????????????????
????RECQL4??????? S??????????Mcm4?????????





?? RECQL4? DNA????????? Sld2?????????????????
???????????????????? 
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?????????? Ku80?XLF?XRCC4 (? 1?)?SSRP1 (? 2?)?RECQL4 (?








? 1???? 2????????????????????????? RNA????
??? siRNA?????????????????????? 2?????????
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? 2 ??????RNA ????????????????????????????
???????????????????????????????????????
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Genotype   ??  
Wild-type   Buerstedde et al. (1990) 
Ku70-/-   Takata et al. (1998) 
DNA-PKcs-/-/-   Fukushima et al. (2001) 
Ku70-/- /DNA-PKcs-/-/-  Fukushima et al. (2001) 
Ku80-/-   This study 
Artemis-/-   Ishiai et al. (2004) 
XLF-/-    This study 
XRCC4 -   This study 
Ligase?-/-   Adachi et al. (2001) 
ATM-/-   Takao et al. (1999) 
Rad17 -   Kobayashi et al. (2004) 
XRCC3-/-    Takata et al. (2001) 
Rad52-/-    Yamaguchi-iwai et al. (1998) 
Rad54-/-   Bezzubova et al. (1997)  
WRN-/-   Imamura et al. (2002) 
WRN-/-/Ku70-/-   Otsuki et al. (2007) 
WRN-/-Ku70-/- + chKu70 Otsuki et al. (2007) 
WRN-/-/DNA-PKcs-/-/-  Otsuki et al. (2007) 
SSRP1-/- + cSSRP1  This study 
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p150-/- + cp150  Takami et al. (2007) 
claspin-/-   ???? (2009) 




RPMI#1640?? (????) 10.2 g?HEPES (???????) 2.4 g???????
???? (WAKO) 0.1 g??????? 1 L??????????? (121?, 20 min) 
?? 4???????????? 10% NaHCO3? pH 7.2????????????
????? 2 mM L(+)-????? (WAKO) 10%???????????? 1%??
???????????0.1 g/L???????? (????) ??????????
???? 
2, 10% NaHCO3  
NaHCO3 (WAKO) 10 g?????? 100 mL????????????? 
3, L(+)-????? 
? 2.94 g? L(+)-????? (WAKO) ?????????????????? 
4, ????? (fetal calf serum ; FCS) 
? Flow????? Bioserum?????? 56?? 30 min???????4?????
?? 
5, ?????? (chicken serum ; CS) 
? Sigma?????? FCS?????????4??????? 
 
???? MTT ???? 
? ?????????2?105 cells/mL? 90 PL?? 96 well plate?????30 min ?
?????????????10 PL ?????????????????????
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MTT??? 25 PL/well??????? 3??????lysing?? 100 Pl/well??
overnight?????????????????????????? 595 nm???
??????? 
?????? n= 5???????????????????? 
 
???? DNA-Ladder??? 
Easy-DNATM Kit (invitrogen) ?????????????? DNA??????
????????????6 well plate???????? DT40?????????
????? 40 PL? PBS??????70 PL solution A??????????65??
10 min????? 30 PL solution B????????????100 PL chloroform 
(WAKO) ?????????14,000 rpm?4?? 15 min??????? 400 PL?
95%EtOH?????????? 30 min?????14,000 rpm?4?? 15 min??
??????? 200 PL? 70%EtOH?????????50 PL? TE (20 mg/mL?
RNase???) ?????37?? 30 min????????????????? DNA
????????????1 well??? 4 Pg? DNA? 2% Agarose gel? 100 V, 30 
min???????? 0.5 mg/mL EtBr?????UV?????????????
?? 
 
???? Western blotting 
1) SDS-PAGE?????? 
Separating gel?stacking gel????TEMED (N,N,N,N-tetramethylenediamine)
??? APS (ammonium persulfate) ???????????????separating 
gel? TEMED??? APS?????????????separating gel?????
??stacking gel? TEMED??? APS??????? separating gel?????
?????????????? 
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2) ??????? 
3?105 ??????? 30 PL ? 1?sample buffer ???????????95?? 
10 min ?????????????????????????????? 
3) ?? 
????????????? 5 PL ??????????? (BioRad) ?????
? 20 mA ???????????? 
4) Western blotting 
SDS-PAGE ????????????????????????????? 
Hybond P membrane ? 30 V ????????????????membrane ? 
Blocking buffer ?????? 1 hr?????PBS??????????????
????????????? 1 hr?????0.05? Tween-20-PBS? 5 min?? 4
????????????????????? HRP ?????????? 1 hr ?
??? 0.05? Tween-20-PBS? 5 min?? 4 ??????? PBS ? 1 min?1 ?
????????? ECLTM Kit ?????????????Medical Film (Konica) 
?????? 
 
???? Comet assay 
CometAssayTM kit (trevigen) ?????????????????????? 
??????2?105 cells/mL??????????????? 10 PL? 100 PL?
?????????????comet slide??? 4?? 30 min??????????
??????? lysis solution????4?? 1 hr???????1?TBE? 5 min
?1?25 min?1??????????????????????? 25 V? 10 min
??????milliQ????????70 % EtOH? 5 min???????????
??70 PL? 10000?????? SYBR Green????????????????
????? 
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? 6?? ????????????? ??????? 
1) PI??????????????? 
? 1×106 ???? 900 PL ? PBS?????3,000 rpm ? 3 min????????
? 900 Pl? 70% EtOH ??????4????????????3,000 rpm ? 3 
min????????? 500 PL ? 5 Pg/ml PI??? 1% BSA PBS???????
?? 1 hr????????????????????????? FACScan (Becton 
Dickinson, Mountain View, CA) ?????????????? Cell Quest (Becton 
Dickinson) ???????????? 
2) BrdU? PI????????????????? 
1×106 ???? 900 Pl ? 1% BSA PBS?????3,000 rpm ? 2 min?????
???? 500 Pl ? 70% EtOH??????4????????????3,000 rpm 
? 3 min????????? 400 Pl ? 0.5%triton X-100 2.5 N HCl??????
??? 30 min ?????3,000 rpm ? 2 min?????????? 1% BSA PBS
???????50????? FITC-conjugated anti BrdU IgG??? 30 min??
????????3,000 rpm ? 2 min?????????? 1% BSA PBS????
???5 Pg/ml PI??? 1% BSA PBS????????? 1 hr??????????
??????????????? FACScan (Becton Dickinson, Mountain View, 
CA) ?????????????? Cell Quest (Becton Dickinson) ??????
?????? 
 
? 7?? VybrantTM Apoptosis Assay Kit???????????? 
VybrantTM Apoptosis Assay Kit #3?????????????????????? 
? 1×106 ????????  PBS ???????????  100 μL ?
1×Annexin-Binding buffer?????????????????FITC annexin? 5 
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PL ? PI (100 Pg/mL) 1 PL ??????? 15 min ?????????????
?  400 PL ? 1×Annexin-Binding buffer ????????????????
FACScan (Becton Dickinson, Mountain View, CA) ?????????????? 
Cell Quest (Becton Dickinson) ???????????? 
 
? 8?? DNA fiber assay 
??? CldU? 10 min?IdU? 15 min???????? (3,000 rpm, 1 min) ??
????? PBS 1 ml????????????? 2 ml????????????
????????lysis solution????????????????????????
DNA ???????????????????????????????????
? 3 min?? 70% EtOH 1 hr?MeOH 3 min?????? DNA????????
??? 2.5 N HCl ? 30 min ??????? CldU ? IdU ??????0.1 M 
NaBorate? 3 min???????????????1% BSA-0.05% tween-20 PBS
?? 1000????? anti BrdU rat IgG?100????? anti BrdU mouse IgG?
???1 hr????????????, 0.05% tween-20 PBS????, 3min??? 2
?????, 1% BSA-0.05% tween-20 PBS?? 250?????Cy3 conjugated anti 
rat IgG?500????? Alexa488 conjugated anti mouse IgG????1 hr???
?????????? 0.05% tween-20 PBS????, 3min??? 3???????
??????????????????????????????????????
????????????????????? Image J????????? fiber?
???????? 
 
? 9?? Molecular combing assay 
1) DNA????????? 
?????????????????????? (1,200 rpm, 5 min) ??????
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? PBS 1 ml?????????????????? 50????????????
??PBS ??????????? 65?????? 40?????? 1.4% agarose 
LM-MP (Roche)??????(106 cells/100 Pl)??????????????? plug 
mold (Bio-Rad)?????????????, 4?, 3 hr?????????????15 
ml ?????50?, 30 min???????????ESP (10 mg/mJ proteinase K?
1% N-lauroylsarcosine, 0.5M EDTA pH8.0) ??????, 50?????????
???,?????????? (???????????????????????
???,???????????)???????????ESP????, 0.5 M EDTA 
pH 8?15 ml???3 min??????EDTA?????????????????40 
mg/ml PMSF:TE=1 :1000???? 15 ml??, 50?, 30 min????????,??
????????????? 3?????????? 15 ml? TE???,??,2 hr?
????? T40E2 pH 8.0 (40 mM Tris, 2 mM EDTA pH 8.0) 150-200 Pl (????
????)?1 PM YOYO-1???,??????, 1 hr? DNA?????.???, TE
???????, 150-200 Pl (????????)? TE???, 65?, 30 min????
???????????? (?????????? DNA??????????)?50
?E-agarase buffer????, 40?, 15 min??????????? agarose 200 Pl
??? 1.4 unit?E -agarase (CAMBREX) ?????40?????????????
???????????150 mM MES pH 5.5? 1 ml????????65?, 30 min
????????, DNA?????????, 150 mM MES pH 5.5? 12.5 ml???
??????????DNA??????? 4?????? 
2) ??????? 
???? DNA???? APS????????? (MATSUNAMI? 5 min??? 
? (????? DNA???????)????,?? 40-50%????,???????
????????????? 300 Pm/Sec??????????? 
3) ???????? DNA??????? 
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???????60???????????, DNA???? (50%FA, 2?SSC)? 72??
12 min? DNA?????????????? 70% EtOH?90% EtOH, 100% EtOH
?? 3 min???,?????????Detection?? 20????? anti BrdU rat lgG
? 37??60 min????????????,Wash????, 3 min??? 3????
?, Detedion?? 5????? anti BrdU Pure?? 37?, 30min????????
?????Wash? (1?PBS?0.05% Tween20) ???? 3 min??? 3??????
Detection?? 100????? Cy3 conjugated anti rat IgG?Alexa488 conjugated 
anti mouse IgG?? 37??20 min??????????????Wash?????
???, SDW??????????????, 20 Pl????????????,??
????????????? 
 
? 10?? ???????? 
1.0?105???? 1 ml? RPMI???????????????????????
????????????? 
 
? 11?? Micro-coccal nuclease assay 
??? BrdU? 45 min?????? (1,000 rpm, 5 min) ????1 ml PBS????
0.1 % NP-40????????????? (700 g, 5 min) ???????????
?????? 37??8 min MNase??????? easy-DNA kit???? DNA?
??????????? DNA? 2% agarose gel? 50 V?1 hr??? EtBr???
???MNase????????????0.25 N HCl? 20 min?0.4 N NaOH? 20 
min ????BrdU ???????0.4 N NaOH ????????? Nucleotide 
bound????????DNA? UV??????????????5% skim milk
???? 1 hr?????????????????? anti BrdU mouse IgG???
???HRP anti mouse IgG??????????? DNA?????? 
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? 12?? ?????????? 
????? (1,000 rpm, 5 min) ???PBS?????????CSK buffer (0.5% 
triton X-100, 100 mM NaCl, 3 mM MgCl2, 300 mM Sucrose, 1 mM EDTA, 10 mM 
PIPES pH6.8) ???????????? 10 min??????? (700 g, 5 min) ?
????????????? 0.1 M (NH4)2SO4?????????????????? 
 
? 13?? Sister chromatid exchange (SCE) ??? 
? 5?105??? 10 PM BrdU??? 5 mL? RPMI??? 2???? (16.5 hr) ??
???????? 50 PL?????? 2.5 hr??????????????????
??? 75 mM KCl? 10 mL????????? 12 min?????????????
???? 2 mL??????????1,000 rpm? 5 min?????????????
?????? 10 mL??????????? 30 min?????????2? 10 mL
???????????????????????????????????????
??????????????????????????????????? 1???
????????????????????????? 1?PB ????? 10 Pg/mL 
Hoechst 33258??????? 20 min????1?MB?????????????
????? 1?MB????????????????1 cm???????????? 
(352 nm????) ? 30 min??????????????????? 1?MB??
?????58?? 2?SSC???20 min ?????1?PB?????????3%?









?????? ??? ??? ?????????????? 
?  
? ??????????????????????????????????????
????????????? ??? ??? ????????????????????
?????? ??? ??? ????????????? 
 
? ??????????????????????????????????????
????????????? ?? ??? ?????????????? 
 
? ??????????????????????????????????????
???????????? ??? ??? ????????????? ??? ????
??????????????????DNA ????????????? ??? ??
????????????? ??? ??? ??? ???????????? 
 
? Molecular combing assay??????????????????????????




??????????????????? ??? ??? ?????? ?? ??????
????????? 
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